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Abstract 

The nucleoli form factors in free space are usually thought to be modified when a nucleon is bound 
in a nucleus or immersed in a nuclear medium. We investigate effects of the density-dependent axial 
and weak-vector form factors on the electro-neutrino (u e ) and anti-electro-neutrino (P e ) reactions 
with incident energy E v < 80 MeV via neutral current (NC) for a nucleon in a nuclear medium or 
12 C. For the density-dependent form factors, we exploit the quark-meson-coupling (QMC) model, 
and apply them to the v e and v e induced reactions by NC. About 12 % decrease of the total cross 
section by the v e reaction on the nucleon is obtained at normal density, p = po ~ 0.15/m~ 3 , as 
well as about 18 % reduction of the total v e cross section on 12 C, by the modification of the weak 
form factors of the bound nucleon. 

However, similarly to the charged current reaction, effects of the nucleon property change in the 
u e reaction reduce significantly the cross sections about 30 % for the nucleon in matter and 12 C 
cases. Such a large asymmetry in the v e cross sections is addressed to originate from the different 
helicities of u e and v e . 
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I. INTRODUCTION 



In the core-collapse supernova (SN) explosion, neutrino (is) heating is known as one 
of the main mechanisms for the explosion leading to the so-called //-driven explosion 
Neutrinos emitted from the neutrino sphere propagate the proto-neutron star (PNS). The 
first propagating region is a core part of the PNS, whose density is believed to be about a 
few times of the normal nuclear density po ~ 0.15/m~ 3 . During the propagation, neutrinos 
may interact with nucleons in dense nuclear matter through two different modes; neutral 
current (NC) and charged current (CC). The former mediated by Z° boson corresponds to 
the neutrino scattering, while the latter through W ± bosons is the neutrino absorption with 
the emission of corresponding leptons. 

After passing by the uniform density region, p un i ~ 6.85x 10 _2 /m -3 = 1.14x 10 1A g/cm 3 ~ 
0.5p o , which density dissolves a crust of the PNS into the core comprising a uniform plasma 
of nucleons and leptons, neutrinos enter into the crust region of the PNS. This crust region 
is usually treated as two different parts, inner and outer crusts divided by the neutron drip 
density, pdrip ~ 2.70 x 10~ 4 /m -3 = 4.48 x 10 u g/cm 3 . Beyond this density, neutrons drip 
out of finite nuclei presumed to be embedded as lattice structures in the outer crust of the 
neutron star. 

Some of the interesting phenomena in the v propagation inside the PNS by a unique 
property of the neutrino come from the asymmetry between the neutrino scattering and 
absorption due to strong magnetic fields in the magnetar. For instance, the pulsar kick 
and the spin deceleration |4| of the strongly magnetized neutron stars were shown to be 
closely associated with the asymmetry, according to detailed studies of the neutrino transport 
in dense matter by a relativistic mean field theory (RMF). 

Outside of the PNS, emitted neutrinos interact also with the nuclei already produced 
by the s-process in the progenitor and/or the r-process in the explosion. Around the Si 
layer, the neutrinos may initiate the so called neutrino-proton (up) process j^]. Namely, the 
anti-neutrino (is) absorption in proton-rich environment may produce neutrons immediately 
captured by neutron-deficient nuclei, which affects the proton process (p-process) by the 
(n,p) or (n, 7) reactions. In the O-Ne-Mg layer, whose density is assumed to be about 
p ~ 10 3 g/cm 3 , neutrino-induced reactions might play an important role of producing some 
p-nuclei, which are odd-odd neutron-deficient nuclei. For example, the cosmological origins 
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of 180 Ta and 138 La are believed to originate from the //-process Other light nuclei 

abundances are also closely associated with the neutrino interactions in He-C layer 8]. 

Of course, the nuclear density outside the PNS is not so dense compared to that of 
inside the PNS. But, since the nucleons interacting with the neutrinos are strongly bound, 
properties of such a bound nucleon are expected to be modified from those in free space. 
Therefore, if such a drastic change of nuclear density happens to the neutrino propagation, 
it would be of practical importance to investigate such medium effects or bound nucleon 
property changes on the neutrino propagation in both inside and outside of the PNS. 

Moreover, recently, strong evidences for the modification of the nucleon properties in 
a nuclear medium have been reported from the proton electromagnetic (EM) form factors 
measured in polarized (e, e'p) scattering on 16 |9[ and 4 He at MAMI and Jefferson 

Lab, and also from the study of neutron properties in a nuclear medium through polarized 
(e, en) scattering on 4 He in Ref. 15] . Since the weak vector currents and EM currents form 
iso- vector (vector) current, one may expect naturally the modification of the weak vector 
form factors in a similar way to the EM form factors. In addition, the fact that the bound 
neutron in a nucleus is nearly stable while a free neutron decays via the weak interaction 
with the life time of about 880 s, implies that the dominant, axial vector form factor or axial 
coupling constant gA, in a nuclear medium is also to be modified and different from that in 
free space. 

Thus, it is quite meaningful to investigate the change of the neutrino-induced reactions 
due to the modification of nucleon properties in a nuclear medium, in order to pin down 
the ambiguities inherent in the nucleon and/or nuclear structure on the interpretation of 
various neutrino reactions in the cosmos. For the study of the nuclear weak structure, one 
needs more refined nuclear models, because the nuclear reaction by the emitted neutrino 
energy from the PNS, whose energy range is less than 100 MeV, is sensitive on the collective 
motion of inside nucleons. 

In our previous paper, we studied the medium effects on the neutrino reaction by charged 



current 



161 ] . A large asymmetry between the neutrino and anti-neutrino reactions in a dense 



nuclear medium is predicted. In this study, we focus on the NC reaction with the density- 
dependent weak form factors estimated in the quark-meson-coupling model (QMC) 17H20]. 
The model has been successfully applied to study the properties of hadrons in nuclear matter, 



finite nuclei and hypernuclei 



21 



231 ] . For more through understanding of the medium effects 
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or the effects by the change of nucleonproperties in a nuclear medium, the v e and v e reactions 



on the nucleon in nuclear matter 24| as well as in 12 C are examined in detail. Nuclear 



25 



26]. 



structure for 12 C is treated by Quasi-particle RPA (QRPA) 

This paper is organized as follows. Sec. II is devoted to explain the form factors used 
in this study. Detailed discussions regarding the form factors in dense matter and their 
numerical results are addressed in Appendix A and B. Numerical results for the neutrino 
reaction via NC on the nucleon in nuclear matter and 12 C are presented in Sec. III. Summary 
and conclusions are given in Sec. IV. 



II. WEAK FORM FACTORS IN NUCLEAR WEAK CURRENT 

By the standard electro-weak theory, the weak current operator W 1 used for the u- 
induced reaction takes a — A^ 1 current form which has isoscalar and isovector parts for 
NC interaction (25 ]: 

W = Vr - A3 - 2sin 2 ^ J» m - l(Vf - A*), (1) 
= (1 - 2sm 2 e w )V£ - A3 1 - 2sm 2 9 w V» - ±(Vf - A*), 

with the Weinberg angle 6w Here J£ m = V^+Vq, and V£ and A3 are plus components of the 
isovector and Af by the isospin rotation, i.e. V% = Vi +2i and A3 = A± +2i . Strangeness 
contributions, which are isoscalar parts, could be considered at —\{V^ — A%). For the 
charged current (CC) interaction, only V£ — A3 term is involved, so that the CC reaction 
is nearly independent of the strangeness content in a nucleon. For the elastic scattering 
of polarized electrons on the nucleon, J M = — 2sin 2 6'vy J^ m — is exploited, while only 
Jf m = V% + Vq is usually taken for the meson electro-production. 

For a free nucleon, the weak current operator comprises the vector, the axial vector and 
the pseudo scalar form factors, F^(Q 2 ), Fa{Q 2 ) and F P (Q 2 ): 

W = F?(Q 2 )Y + F 2(Q 2 )^^^ + F A (Q 2 )l^ + • (2) 

Here we take the scalar form factor in the vectorial part and the axial tensor form factor in 
the axial part to be zero, because of the conservation of the vector current (CVC) and no 
existence of the second class current, respectively. By the CVC hypothesis with the inclusion 
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of the isoscalar strange quark contributions Ff(Q 2 ), the vector form factors for protons and 
neutrons Fj' p(,n \Q 2 ) are expressed as j^ : 

if^XATC) = ( 1 _ 2s]li *e w)F P(n) (Q2) _ 1 _ F n( P ) {Q2) _ ^(qS) (3) 
^ P (n)(CC) = ( F f (Q 2 ) - ^(Q 2 )) . 

The axial form factor is given by 

F% C (Q 2 ) = \{T9A + 9 S A )/(1 + Q 2 /M 2 A r , F% C (Q 2 ) = -g A /(l + Q 2 /M 2 ) 2 , (4) 

where g A and are the axial coupling constant and the axial cut off mass, respectively. 
The sign, — (+) comes from the isospin dependence of the target proton (neutron), respec- 



tively 29]. The axial form factor in Eq. (4) is just negative to the form factor elsewhere, for 



example, in Ref. [28|, because we take the + sign for the Fa{Q 2 ) in Eq. (2). Although the 
ambiguity from the strangeness content in a nucleon still persists the contribution to 
total cross section is less than 10 % even in the quasi-elastic region |27|. Therefore, we do 
not take the strangeness contribution into account in this work. 

Before applying to the neutrino reaction, we need to figure out the change of nucleon prop- 
erties in a nuclear medium, such as the effective nucleon mass, the axial coupling constant, 



the weak form factors of t 
coupling (QMC) model 



re nucleon. Those properties are calculated in the quark-meson 



17 



20] . The constituent quark mass in a hadron is generated by the 
quark condensate, (qq), in vacuum, but the mass (or (qq)) in nuclear matter may be reduced 
from the value in vacuum because of the condensed scalar (a) field depending on the nuclear 
density p. The decrease of the quark mass then leads to the variation of baryon internal 
structures at the quark level. Such effect are considered self-consistently in the QMC model. 
Detailed features of the form factors and their modifications in nuclear matter used in this 
study are summarized in Appendix A and B. 

In Fig. [TJ effective nucleon mass in nuclear matter, M*(p), is illustrated, which shows 
a monotonic decrease with the increase of nuclear density. The modification of the axial 
vector form factor in nuclear matter is also shown in the right panel in Fig. 1 as a function 
of four momentum transfer Q 2 [GeV/c} 2 , which is normalized to that in free space, R{gA) = 
9a(p,Q 2 ) / 9a{p = 0,Q 2 ). Even in the small momentum transfer region, where most of the 
neutrino reaction in the cosmos expected to occur, the reduction of the axial form factor 
9a(p,Q 2 ) amounts to 11% around p = p a . In the quasi-elastic region, the Q 2 dependence 
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FIG. 1: (Color online) Effective nucleon mass M*(p) presented in terms of the nuclear density 
ratio p/p (left), and the axial vector form factor normalized to that in free space (right), R{gA) = 
9a(p,Q 2 )/9a(p = 0,Q 2 ), with finite momentum transfer in nuclear matter. From the uppermost 
(vacuum) in the right panel, the density ratio is increased by 0.5 p Q . The lowermost curve is for 
p = 2.5/v 

of the form factors on each density becomes more significant. Detailed discussions on the 
change of vector form factors in a nuclear medium adopted in this paper are summarized as 
figures in Appendix B. 



III. EFFECTS OF DENSITY DEPENDENT WEAK FORM FACTORS ON THE 
NEUTRINO REACTION VIA NC ON THE NUCLEON IN NUCLEAR MATTER 

AND 12 C 

A. Results on the Nucleon in Dense Matter 

By using the following Sachs form factors and G^ c = F^ c 

G V E {Q 2 ) = F?{Q 2 ) - ^n{Q 2 ) , G V M {Q 2 ) = FUQ 2 ) + F^Q 2 ) , (5) 
we calculated differential cross sections of the neutrino (antineutrino) reactions on the nu- 



cleon via NC as follows 
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32] 



d*, NC Gil , M {G E f + ^y{G M ) 2 

■hv (Gm) + (i -y- ttetv) —^w, (6) 



+(\y 2 + 1 - V + ^y)(G A ) 2 =F 2y(l - \y)G M G A ] 



CC 7 NC 

1 in ncc r< _^ ncc r< _v r-c'CN 



with 

Gg c = G P £ (Q 2 ) - (Q 2 ) , G*£f = GUQ 2 ) - G n M (Q 2 ) . (7) 

Here we omit superscript 'V for the form factors. E v is the energy of the incident u{p) in the 
laboratory frame, and y = p ■ q/p ■ k = Q 2 /2p ■ k with k,p and q being respectively initial 
4-momenta of v{y) and target nucleon, and 4-momentum transfer to the nucleon. The sign, 
— (+), corresponds to the v [y). Therefore, the difference and the sum of the cross sections 
are simply summarized as 

NC j NC fil i 

"O c =-^W-\y)G M G A , (8) 



and those via CC case are given by the replacements, Ge — > G^ , Gm G^,Ga — > 
G C A C (= F% c ) in Eqs. © and ©. 

Numerical results obtained using the in-medium modified weak form factors are summa- 
rized in Fig. 121 where total cross sections for v e + p — > v e + p (left) and v e + n — > u e + n 
(right) via NC in nuclear matter are presented. Total cross sections decrease about 15% per 
each density increase step until the p ~ 2.5po (sky-blue (dot dashed) curve). However, for 
the v e + n — > u e + n reaction, the variation in nuclear matter below E v ~ 30 MeV is less 
than 3 %. Even the cross sections around E v ~ 80 MeV decrease about 12 % maximally at 
p = Po (blue (dotted) curve) compared to that in free space (black (solid) curve). 

This large asymmetry for the v e and u e reactions due to the change in the nucleon 



properties in a nuclear medium, which was also found in the CC reaction 



16], can be 



understood by the last, helicity-dependent (HD) term in Eq. fl6]) in an analogous way to 
the CC case (l6j. The HD term contribution can be estimated from the asymmetry in the 
neutrino reaction, a~ = a(u e ) — cr(z/ e ). For example, in Fig. [31 we plot the related cross 
sections, a~ and <j + = a(u e ) + <j(u e ), which respectively correspond to the HD and helicity 
independent (HID) term in Eq. The HD term in the left panel shows the increase of 
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FIG. 2: (Color Online) Density dependence of the total cross sections for v e +p — > v e +p (left) and 
v e + n — >• vj + n (right) in nuclear matter. The y axis is 10 -40 cm 2 , while the x-axis is the incident 
neutrino energy in MeV. Black (solid) curves are the results in free space. Cross sections decrease 
with increasing the density, by p/p Q = 0.5 (red (dashed)), 1.0 (blue (dotted)), 1.5 (yellow (short 
dotted)), 2.0 (sky-blue (dot long dashed)) and 2.5(cyan (dot short dashed)) in both reactions. 



the cross sections with increasing the nuclear density, while the HID term in the right panel 
shows the decrease of the cross sections with increasing the density. 

For the v e reaction, which is a half of the sum of a~ and a + shown in the both panels, 
the HD term plays a countervailing role of the medium effects leading to the smaller effects, 
while the HD term enhances the medium effects for the v e reaction. Therefore, the large 
asymmetry between the v e and v e reaction cross section comes from the different helicities 
of v and v. Radiative corrections in the v e reaction are not taken into account in this work, 



because the effects are known to be less than 2 % [33|. If we compare present NC results 
with those of the CC reaction in our preceding paper [16| . this asymmetry can be arisen in 
the v reaction, irrespective of the current types. 
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FIG. 3: (Color Online) Comparison of the total cross sections via the NC reaction for c~ = 
a(v e ) — a{p e ) (left) and a + = a{y e ) + cr(p e ) (right), which respectively correspond to the HD and 
HID terms in Eq. Q. Legends for the curves are the same as those for Fig. [2j 

B. Results on the Bound Nucleon in 12 C 

To calculate the neutrino reaction on 12 C, we use the following differential cross section 
formula, whose detailed explanations can be found in Ref. {25 1, 

'^W ) = 7 ||^ y [ j5o (i + -«l<^ll^lw>l 2 



(10) 



+{l-i?-p + 2(i>-q)(q-p))\ < Jf\\Cj\\Ji > I - q ■ (v + f3)2Re < JfWCjWJt > < J f \\Mj\\Ji > 

+ sa - {p ■ m ■ < Jf\\rfu > | 2 + 1 < J f \\7T a9 U > I 2 ) 

±Zq.(v-P)2Re[< JfWTT^U > < JfWTfU >*]] , 

where z7 and k are the 3- momenta of the incident and final neutrinos, and q = k — v,(3 = k/e 
with the final neutrino's energy e. Of course, the extremely relativistic limit (ERL) may 
yield more simple formula, but we use the general expression to get accurate results. 

We have applied Eq. ([XQJ to the 12 C(u e , u e ) 12 C*(l + ) and 12 C(z/ e , z/) 12 C*(l+) reactions. 
The reactions can be treated by the A J = 1 transition from the + ground state of 12 C 
to the 1 + excited state. Descriptions of the nuclear states are performed by the QRPA 
framework 26) . Our numerical results are presented in Fig. HI Medium effects on v e and v e 



reactions on C appear in a similar fashion to those on the nucleon in nuclear matter. 
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FIG. 4: (Color Online) Density dependence for the 12 C(z? e , u e ) 12 C*(l + ) (left) and 
12 C(z/ e ,z^) 12 C*(l+) (right) reactions. The y axis is 10 cm , while the x-axis is the incident 
neutrino energy in MeV. The cross sections decrease with increasing the nuclear density i.e. p/p 
= 0.5 (red(dashed)) and 1.0 (blue(dotted)) in both reactions. 
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FIG. 5: (Color Online) Comparison of the total cross sections on 12 C via the NC reaction for 
o~ = a(u e ) — a{p e ) (left) and a + = a{y e ) + a(p e ) (right), which correspond to the HD and the 
HID parts in Eq. (jlOp . Legends for the curves are the same as those for Fig. [5J 
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FIG. 6: (Color Online) Density and incident energy dependence of v e and v e reaction (NC) ratio, 
R v = a(u e )/a(u e ), on the nucleon (left) and 12 C (right), which are the cross section ratios of left 
and right panels in Figsj2]and[U respectively. Legends for the curves are same as FigHl 

Total cross sections for the v e reaction decrease about 15% per each density decrease of 
0.5 p , while those for the v e reaction are about 5% for each decrease of the nuclear density, 
f we take the average Fermi momentum of the nucleon in 12 C, kp = 225MeV(p = 0.668p o ) 



24j . the maximum change by the in-medium effects is shown to be less than 7%. Since we 



consider the exclusive reaction for the ground state of daughter nuclei, the cross sections are 
smaller than those for the nucleon in Fig. |2j 

In order to justify our approach to the NC neutrino reaction in finite nuclei, we compare 
our results to the experimental data, 10.4 ± 1.0 ± 0.9 x 10 -42 cm 2 , which was measured as 
the flux averaged cross section of (u e , u e ) + zaJ reactions on 12 C target [34|. If we take 
into account of the medium effect on 12 C by adopting p = 0.6p o , our result become 9.52 
xlO -42 cm 2 [25], which is consistent with the data. Comparison to the CC reactions data 



was done in Ref. 



16]. 



In Fig. 5, one may find that similar mechanism to the case of a nucleon in nuclear matter 
gives also rise to the asymmetry on the neutrino reaction on 12 C in Fig.4. Namely the 
HD term, the last term in Eq.(10), calculated as o~ in the left panel of Fig.5 enhances 
(supresses) the medium effects on the v e (i> e ) reaction. Finally, in Fig. El we show the cross 
section ratios, o"(z/ e )/cr(z/ e ), on the nucleon in nuclear matter and 12 C. All ratios decrease 
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with increasing the incident energy E u . It would be a valuable low energy extension of the 



previous calculations performed beyond E v = 100 MeV region [35] . As for the medium 
effects, the higher the density increases, the smaller the ratios of the v e to the v e reaction 
become. It means that the asymmetry between the v e and v e reactions would be increased 
in a denser nuclear medium. More careful treatment of the v and v propagation in dense 
matter are necessary for more thorough understanding of the phenomena related to the 
neutrino propagation in nuclear matter. 

IV. SUMMARY 

In summary, we applied the bound nucleon weak form factors modified in a nuclear 
medium to the neutrino and the anti-neutrino reactions via neutral current on the nucleon 
in nuclear matter and 12 C. The form factors are calculated in the QMC model, and retain 
explicitly the four-momentum transfer and the density dependence. Anti-neutrino reaction 
cross sections are largely suppressed in nuclear matter, i.e., about 30 % maximal suppression 
around p = po similarly to that observed for the CC reaction. However, the neutrino cross 
sections in dense matter may be modified about 12 ~ 18 %, maximally. Such asymmetry 
turns out to appear irrespective of the target. Therefore, it could affect significantly the 
neutrino scattering, in particular, the anti-neutrino propagation inside the proto-neutron 
star. 



Recent neutrino 
quasi-elastic region 



aci 



36|, 



ities present lots of fruitful data for the neutrino reaction in the 
"1 

371 ] . Although most of the data are now focused on the extraction 



of the axial mass and the strangeness content on a nucleon by the quasi-elastic kinematics, 
the study of the asymmetry between the neutrino and anti-neutrino reactions by more data 
on the v reaction could be the valuable alternative approach to understand the modification 
of the nucleon properties in a nuclear medium. 
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Appendix A: Definitions of Form Factors 



In this paper, we use two different nucleon form factors. One is the Sachs form factors based 
on the dipole form factor 



29 



G V D {Q 2 ){ = (1 + Q 2 /M 2 )~ z ) = (1 + 4.97 r)~ 2 = G p / mp (Q 2 ) , (Al) 
G n /mP{Q2) = _ finTG v {Q 2 )7] G p ^ mp {Q 2 ) = HpG]^(Q 2 ) , G n h f mp (Q 2 ) = ^ n G v D (Q 2 ) , 

where q = fc* - k{ = p f - Pi,q 2 {= -Q 2 ) = gg(= w 2 ) - q 2 < with r = Q 2 /(4M° r 2 ) = 
-q 2 /{AM% 2 ) > 0,7/ = (1 + 5.6 r)- 1 and M% = 0.939, /J p (= 1 + A p ) = 2.793, fi n (= X n ) = 
-1.913. 

Note the following facts. 
1) The Q 2 



UJ 



q defined in Eq. (24) in Ref. 



29J is correct, but the argument Q in 



the form factors is understood as \Q 2 \ as shown in their figures. In the same sense, the 
G V D = (1 - Q 2 /M^)~ 2 in Eq. (33c) is correct, i.e. G V D = (1 - |Q 2 |/M£)~ 2 . But it should be 
rewritten as G^ = (1 + Q 2 /My)~ 2 by our notation Q 2 = q 2 — w 2 . 

2) Since Q 2 /M 2 = 4.97 r = 4.97 Q 2 JjAM% 2 ), M 2 is 0.71 GeV 2 (M v = 0.84 GeV), which is 



consistent with the standard value 



ill- 



The Sachs form factors are related to the Dirac and Pauli form factors as follows 



m = (^^(g^) + ^^((^))/(i + r ) = [1 + ^1 + ^)^(0^/(1 + ^ 

(g2) = (G n, emp(Q2)+rG n rP(Q2))/(1+ ^ 
F |,em P(Q2) = (G ^ (g2) _ G ™ (Q 2 ))/(1 + T) = ApG y (g2)/(1+T)) 



rpn,emp 



pti.emp 
^2 



(g2) = (Gjh-mP^) _ G £ emp (Q 2 ))/(l + r) = A n (l + rr ? )G^(Q 2 )/(l + r) , (A2) 



vice verse 



(<9 ) = Ft 



,p(n),emp, n 2 



(Q z )-tF : 



p(n),emp, n 2 



(Q ) , G 



■p(n),emp (n 2 
M 



m = fi 



p(n),emp 



p(n),emp 



(Q 2 



(A3) 



The isovector- vector weak form factors are given by the Dirac and Pauli form factors, 

FUQ 2 ) = F p $ mp {Q 2 )-F^ mP iQ 2 ) (CQ , (A4) 
FYf n \Q 2 ) = {\-2sin 2 6 w )Fff{Q 2 )- 1 -F^\Q 2 ) (NC) , 



where the NC case is taken from our previous paper 



231 and Ref - 



281 ]. On the other hand, 



the axial vector form factor is given by G e A mp = g% x (1 + Q 2 /M\)- 2 with M A = 1.03 GeV 
and gA = 1.26. 



17 



Other form factors introduced in Refs. 38-40] are all assumed to have the same momentum 
dependence in MeV units: 

F^(q 2 ) = (1 + q 2 /{855MeV) 2 f 2 , F A (q 2 ) = -1.23 x (1 + q 2 / (855 MeV) 2 )' 2 , (A5) 
p v (q 2 ) = FY(q 2 ) + 2M N F 2 v (q 2 ) = 4.706 x (1 + q 2 / (855 MeV) 2 )' 2 , 
F P (q 2 ) = 2M N F A {q 2 )/(q 2 +w 2 ) , 

with m n = 139.57 MeV, M N = 931.49432 MeV, yuy(0) = fi p - fi n = 4.706. 
Note the following facts. 



1) Here q 2 = c^—q 2 defined by Eq. (80) in Ref. 40j] is the same Q 2 definition with our notation 



The FY{q 2 ) in A(5) is almost same as that in (A4) because F% (q 2 ) = Ff(Q 2 ) - F^(Q 2 ) ~ 
GY)(q 2 ) = (1 + Q 2 / (855M eV) 2 ) in the low momentum transfer region. But, F A (q 2 ) is a bit 
different from the standard one, i.e. M A = 0.855 GeV and g A = -1.23 in (A5) is smaller than 
M A = 1-03 GeV and g A = 1-26, where the "minus" sign comes from the different sign in the 
axial part of the weak current. 

2) If we define 2MnF}[ {q 2 ) = F2 (q 2 ) which depends on the definition of the vector current, 
fi V (q 2 ) in (A5) is equal to G^q 2 ) in Eq.(5) because ^y(g 2 ) = F^ (q 2 ) + F^ (q 2 ) ~ (1 + 
X p - \ n )G v D {q 2 ) = (up - li n )G v D {q 2 ) = 4.706 x (1 + q 2 / (855MeV) 2 )~ 2 in the low momentum 
transfer region. 



Appendix B: Density dependent Form Factors 

Here, we show the density dependence of the various form factors calculated in the QMC 
model. In Figs. 7-10, G p E {p,Q 2 ),G n E ( P ,Q 2 ),G p M (p,Q 2 ) and G n M {p,Q 2 ) form factors and their 
ratios R(G^ n M ) = G E Jl M (p,Q 2 )/G p E Jl M (p = 0,Q 2 ) are presented. Ratios of the electric form 
factors in Figs. 7 and 8 converge to 1.0 at Q 2 = 0, but those of the magnetic form factors in 
Figs. 9 and 10 are enhanced. The axial vector form factor is quenched in a nuclear medium, 
even at Q 2 = 0, which causes the change of the neutrino reaction in dense matter in the cosmos, 
albeit their small momentum transfer. Ratios of density-dependent weak form factors, F^, 
are presented in Fig. 12. About a 25 % increase of F2 is to be noticed for the weak interaction 
in dense matter. 
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But in the neutrino reaction on the quasi-elastic region, for example, the kinematical region 
performed at MiniBooNE experiments 



36, 



371 ]. the dependence on the 4- momentum transfer 



Q 2 , as well as that on the nuclear density, may be practically important. 
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FIG. 7: (Color online) G p E {p,Q 2 ) and R(G P E ) = G p E {p,Q 2 )/G p E {p = 0,Q 2 ) in nuclear matter. The 
uppermost curves at Q 2 = 1.5 [GeV/c] 2 are for p = 0, from which density increases by 0.5 p Q . 
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0.06 



0.055 - 




FIG. 8: (Color online) G E (p,Q 2 ) and R{G%) = G E {p,Q 2 )/G E (p = 0,Q 2 ) in nuclear matter. The 
uppermost curves at Q 2 = 0.5 [GeV/c] 2 are for p = 0, from which density increases by 0.5 p Q . 




Q 2 l(GeV/c) 2 ] Q 2 [(GeV/c) 2 ] 



FIG. 9: (Color online) G^(p,Q 2 ) and R(G P M ) = G p M (p,Q 2 )/G p M (p = 0,Q 2 ) in nuclear matter. 
The lowermost curves are for p = 0, from which density increases by 0.5 p Q . 
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FIG. 10: (Color online) G n M (p,Q 2 ) and R{G n M ) = G n M {p,Q 2 )/G n M {p = 0,Q 2 ) in nuclear matter. 
The uppermost (lowermost) curve in left (right) is for p = 0, from which density is increases by 
0.5 Po . 
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FIG. 11: (Color online) G A {p,Q 2 ) and R{G A ) = G A (p,Q 2 )/G A {p = 0,Q 2 ) in nuclear matter. The 
uppermost curves are for p = 0, from which density increases by 0.5 p . 



22 
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FIG. 12: Modification in the weak vector form factors, R(F^ 2 ) = F^ 2 (p,Q 2 )/F^ 2 (p = 0,Q 2 ), with 
finite momentum transfer in nuclear matter. From the lowermost (vacuum), density ratios increase 
by 0.5 p Q . The uppermost curve is for p = 2.5p a . 
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